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Translational adaptation index (tAIg)We conducted a comprehensive analysis of codon usage bias (CUB) based on the available non-redundant
full-length cDNA (nrFLcDNA) and expressed sequence tags (ESTs) data of cultivar Micro-Tom and evaluated
the associations of observed CUB and measurements of transcriptional and translational effectiveness. The
analysis presented in our study suggests a correlation, which is negative but highly correlated between
Axis 1 and GC3s (r = −0.827, P b 0.01), indicating that mutational bias has a signiﬁcant and dominant re-
pressive role to the choices of GC3. We also observed a strong positive correlation between codon adaptation
index (CAI) and translational adaptation index (tAIg) (0.407, P b 0.01), which demonstrates the facilitation of
efﬁcient translation by the optimal codon usage patterns of the highly expressed genes. We believe that the
complete set of optimal codon usage patterns detected in this study will serve as a model to enhance the
transgenesis in the studied cultivar of Solanum lycopersicum.
© 2013 Elsevier Inc. All rights reserved.1. Introduction
Codon usage bias (CUB), the unequal usage of synonymous co-
dons, is an evolutionary phenomenon that has been widely observed
among the organisms ranging from prokaryotes to eukaryotes. Some
of the primary forces driving the evolution of CUB are thought to be
compositional features that inﬂuence the biased usage of codons [1],
mutational bias [2], selection for minimizing errors during translation
[3], reduction of ribosome assembly times and enhanced translation
efﬁciency [4], mRNA stability [5], DNA packaging [6] and translational
selection pressure [7]. According to the translation based selection–
mutation–drift model, highly expressed genes often exhibit a high
degree of CUB whereas lowly expressed genes often contain many al-
ternative synonymous codons [8]. The codon usage bias of a gene is
also inversely correlated with silent DNA divergence; highly biased
genes have fewer numbers of silent substitutions between species
[9]. It has also been postulated that the redundancy in the codon
usage exerts dramatic effects on the translation [10].
Tomato (Solanum lycopersicum), one of the largest angiosperm
genera, is regarded as an excellent model for studying the functional
genomics in fruit plants. Recently, inbred tomato cv. ‘Heinz 1706’ hasrights reserved.been sequenced to facilitate the functional genomics in Solanum gen-
era [11]. S. lycopersicum cultivar Micro-Tom hereafter referred to as
Micro-Tom, is regarded as an excellent model system for crop devel-
opmental genomic studies [12], with several key attributes including
small size, short generation time, and ease of transformation [13,14].
Experimental resources such as various mutagenized lines have been
developed in Micro-Tom [15]. A collection of Micro-Tom full-length
cDNAs has been recently produced (http://www.kazusa.or.jp/
tomato/), which can be utilized as potential resource for postulating
codon usage bias (CUB) in this reference model [16]. Recently, a
taste-modiﬁed transgenic S. lycopersicum cv. ‘Micro-Tom’ line has
been developed, through the signiﬁcantly enhancedMIR gene expres-
sion with optimized codon usage [17]. However, a comprehensive un-
derstanding of the codon usage patterns is still lacking. A better
understanding will facilitate Micro-Tom transgenesis by developing
new enhanced and optimized gene construct, its adaptation to stress
and development of more beneﬁcial Micro-Tom phenotypes.
In this presented research, we postulate a comprehensive analysis
of CUB in Micro-Tom using the nrFLcDNA and frame corrected
reconstructed coding regions from ESTs using multivariate statistical
tools and non-parametric analysis, which might improve our under-
standing of the structural characteristics of coding regions in this spe-
cies. We demonstrate a repertoire of optimal codons using a
comparative analysis of highly and lowly expressed genes, which
Table 1
Summary of the average RSCU in Solanum lycopersicum cv. Micro-Tom nrFLcDNA and
frame corrected coding regions. AA represents amino acid. The highest RSCU of codons
for each amino acid is underlined, evaluated using a χ2 contingency test.
AA Codon RSCU frame
corrected
ESTs
RSCU
(nrFLcDNA)
AA Codon RSCU frame
corrected
ESTs
RSCU
(nrFLcDNA)
Phe UUU 1.19 1.20 Thr ACU 1.58 1.55
UUC 0.81 0.80 ACC 0.75 0.69
Lys AAA 1.03 1.00 ACA 1.30 1.38
AAG 0.97 1.00 ACG 0.37 0.38
Asn AAU 1.29 1.29 Ala GCU 1.82 1.79
AAC 0.71 0.71 GCC 0.62 0.58
Gln CAA 1.16 1.15 GCA 1.24 1.31
CAG 0.84 0.85 GCG 0.33 0.32
His CAU 1.32 1.34 Gly GGU 1.37 1.35
CAC 0.68 0.66 GGC 0.59 0.58
Tyr UAU 1.23 1.23 GGA 1.38 1.41
UAC 0.77 0.77 GGG 0.65 0.66
Asp GAU 1.46 1.46 Leu UUA 0.87 0.89
GAC 0.54 0.54 UUG 1.44 1.49
Glu GAA 1.13 1.13 CUU 1.63 1.57
GAG 0.87 0.87 CUC 0.80 0.72
Cys UGU 1.24 1.23 CUA 0.62 0.64
UGC 0.76 0.77 CUG 0.66 0.69
Ile AUU 1.51 1.49 Arg CGU 0.97 0.90
AUC 0.76 0.74 CGC 0.48 0.45
AUA 0.73 0.78 CGA 0.73 0.71
Val GUU 1.74 1.70 CGG 0.50 0.48
GUC 0.61 0.60 AGA 1.93 2.00
GUA 0.70 0.72 AGG 1.39 1.46
GUG 0.95 0.98 Ser UCU 1.72 1.62
Pro CCU 1.59 1.59 UCC 0.77 0.71
CCC 0.52 0.49 UCA 1.45 1.49
CCA 1.43 1.49 UCG 0.44 0.43
CCG 0.46 0.42 AGU 1.00 1.08
AGC 0.62 0.68
291G. Sablok et al. / Genomics 101 (2013) 290–295may facilitate the transgenesis studies in this species. Finally an over-
view of the selection pressure for translational efﬁciency in this culti-
var was evaluated on the basis of the tRNA adaptation rates calculated
using the tRNA pool of the recently sequenced inbred tomato cv.A B
Fig. 1. 1A: Plot showing the relative distribution of the genes under the compositional pressu
Nc = 2 + s + {29 / [s2 + (1 − s)2]}; where, s = GC3s, proposed by Wright [22]). 1B: The
principal component axes 1 and 2 of COA/RSCU. 1C: Shows the distribution of the highly exp
RSCU. 1D: Distribution of the ribosomal genes (in red) across the two main principal comp‘Heinz 1706’, which led us to demonstrate that a combinatorial effect
of mutational bias and translational selection for translational efﬁ-
ciency is prevalent in this cultivar coding region. Our results provide
an interesting insight and a useful resource in developing novel
genetic tools for molecular breeding; stress response studies, and
developing transgenic expression lines using Micro-Tom or other
Solanum genera as a reference model. So far, as per the knowledge
of the authors, no study has been reported on the identiﬁcation of
the CUB using the full-length cDNA (nrFLcDNA) coding constructs
and frame corrected reconstructed coding regions for this species.
2. Results and discussion
2.1. GC content analysis and Nc plot: Compositional constraints in
Micro-Tom
An overview of the nucleotide composition of S. lycopersicum cv.
Micro-Tom suggested an AT-rich genome (43.0% GC, nrFLcDNA cod-
ing regions; 42.6% GC frame corrected coding regions). We observed
a consistent GC pattern across the nrFLcDNA coding regions and no-
ticed that the frame corrected coding regions are almost identical.
We thus concluded that in the absence of the genome-predicted
CDS, frame corrected coding regions can act as a suitable model for
postulating nucleotide bias. Previously, frame corrected coding re-
gions have been utilized to postulate CUB in Populus and Citrus spe-
cies [27,28]. As a general rule, AT-richness of S. lycopersicum cultivar
Micro-Tom can result to the dominance of the A- or T-ending codons.
To investigate further into the compositional constraints, we investi-
gated the coding intensity at the ﬁrst (GC1; 50.3, nrFLcDNA; 49.9,
frame corrected CDS), second (GC2; 40.5, nrFLcDNA; 40.4, frame
corrected CDS) and third positions (GC3; 38.1, nrFLcDNA; 37.5,
frame corrected CDS) of GC, which are quite variable and demon-
strate the role of the mutational bias in this cultivar. Recently, a CUB
pattern of Phyllostachys heterocycla cv. pubescens was studied using
a full-length cDNA dataset (10,608) and it was observed that P.
heterocycla cv. pubescens has a relatively higher GC3[29] and the ob-
served pattern of high GC3 was similar to Zea mays and Oryza sativaC
D
re (A; the expected curve shown by the bold black line is calculated using the equation,
genes have been clustered and classiﬁed according to GC richness across the two main
ressed genes (in yellow) across the two main principal component axes 1 and 2 of COA/
onent axes 1 and 2 of COA/RSCU.
Table 2
Identiﬁcation of preferred codons in S.lycopersicum cultivar ‘Micro-Tom’. Preferred codons
were identiﬁed using the 10% highly and lowly expressed genes from nrFLcDNA and frame
corrected coding regions from expressed sequence tags (ESTs). The respective color distribu-
tion shows the identiﬁcation of the preferred codon by the nrFLcDNA and EST predicted. The
codons marked with * are matching codons with a previous report by Hiwasa-Tanase et al.
[17]. The present approach justiﬁes that a cumulative approach of predicting the preferred
codons is a justiﬁable approach for predicting preferred codons for transgenesis. The bold
codons represent the translational optimal codons on the basis of the isotype/anticodon
counts using the S.lycopersicum tRNAs.
Amino 
acid
Codon FlcDNA ESTpredicted AA Codon FlcDNA ESTpredicted
Phe UUU* His CAU*
UUC* CAC
Leu UUG* Gln CAA*
UUA* CAG*
CUU* Asn AAU*
CUC AAC*
CUA* Lys AAG*
CUG AAA*
Val GUU* Asp GAU*
GUC* GAC*
GUA* Glu GAA
GUG GAG*
Ser UCU* Cys UGU*
UCC* UGC*
UCA* Pro CCU*
UCG CCC*
AGU CCA*
AGC* CCG
Arg AGA* Thr ACU*
AGG* ACC
CGU ACA*
CGC ACG
CGA Ala GCU*
CGG GCC*
Gly GGU* GCA*
GGC* GCG
GGA* Tyr UAU*
GGG* UAC*
Ile AUU*
AUC*
AUA*
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the third base position [30]. In contrast, we observed that in
Micro-Tom the GC content at the third position (GC3) is signiﬁcantly
lower but in perfect agreement with the observed previous reports in
Solanum tuberosum and Lycopersicum esculentum, which is similar
with the model plant Arabidopsis thaliana, which may simply reﬂect
their common ancestry as dicots [7]. To conﬁrm the observed domi-
nance of the mutational bias, we conducted a supportive analysis of
the global relative synonymous codon usage (RSCU) patterns of this
species (Table 1), which clearly indicates that most of the codons ob-
served are either A- or T-ending codons, suggesting a potential bias in
the evolution of the codons in this species.
A commonly used measure of codon usage bias is the Nc value.
This measure reﬂects the number of equally used codons that would
generate the same observed CUB. A lower value indicates high bias;
higher values indicate a lower bias. Since Nc has been demonstrated
to be under the inﬂuence of base composition (G + C) of the gene
and is often plotted against base composition at the third synony-
mous position (GC3s) of the gene to investigate patterns of codon
usage [22], we observed that the Nc value (25.8–50.75) showed a
wide variation across Micro-Tom genes, which indicates that there
is a strong compositional pressure (mutational bias) resulting in a
wide variation of CUB in the studied species. To strengthen the pro-
posed observation, we further plotted Nc against GC3s and observed
that compositional constraints are acting as a determining factor for
wide differences in the patterns of the observed codon usage in this
species (Fig. 1A). It was also observed that a relatively higher number
of genes were lying below the expected curve and are poised towards
GC3s, suggesting that some other additional factors may have sub-
stantial effect for the observed variation in CUB among the genes,
irrespective of the nucleotide compositional constraints.
2.2. Translational optimal codons for transgenesis
Optimal codons have been deﬁned as codons, which are preferred
over its synonyms in the highly expressed as compared to lowly
expressed genes [31]. Cutter et al. [32] proposed that the evolution
of optimal codons may vary among species for a particular amino
acid, which might be a result of selection and in turn increases the
preference of certain codons over the synonymous in highly
expressed genes. In the studied cultivar, we observed that the degree
of correlation between (r = 0.181; P b 0.01) principal axis (axis1;
COA/RSCU) and CAI was lower as compared to that of between CAI
and axis 2 (r = 0.609; P b 0.01). Therefore, we sorted out the top
10% genes as highly expressed and lowly expressed genes in
nrFLcDNA and frame corrected reconstructed coding region dataset
towards extreme end of axis 2 (COA/RSCU) to evaluate the expression
of optimal codon usage.
In frame corrected coding regions, the expression level of each EST
was identiﬁed by mapping the ESTs against the assembled unigenes.
We observed varied patterns of optimal codons, which are not in cor-
relation with the observed compositional bias in the genes suggesting
the role of selection pressure in case of optimally expressed codons as
previously described and observed [7]. We observed that optimal co-
dons ending with U, C, and A were observed with almost same fre-
quency; however, optimal codons ending with G were observed at a
lower rate. To potentially demonstrate the approach used in our
study, we veriﬁed the optimal codons identiﬁed in our study with a
previously experimentally veriﬁed report [17], and it was found that
a cumulative approach of postulating optimal codon acts as a
best-suited approach in this species (Table 2). We further identiﬁed
the translational optimal codon using the Isotype/Anticodon count
of S. lycopersicum cv. ‘Heinz 1706’ and it was observed that out of
the 59 degenerate codons, 8 codons were found to be translational
optimal codons. In an earlier study the optimal codons have been
also proposed for Solanum genera using a smaller EST dataset;however, translational optimal codons have not been predicted [7].
This is the ﬁrst report of the identiﬁcation of the translational optimal
codons in S. lycopersicum cultivar Micro-Tom.2.3. Correspondence analysis, gene expression, tAIg and annotation of
highly expressed genes
In order to investigate the patterns responsible for the observed
variations in the codon usage patterns, we carried out a multivariate
analysis of the relative synonymous codon usage (RSCU) in a
59-dimensional hyperspace. It was observed that axis 1 (principal
axis; COA/RSCU) accounted for 9.35% of the total inertia of
59-dimensional hyperspace followed by axis 2 (6.25%), axis 3
(4.30%) and axis 4 (4.03%), respectively (Fig. 1B). A statistical evalua-
tion showed a strong positive correlation between Nc and GC3s
(0.489, P b 0.01) and a strong negative correlation between Nc and
CAI (−0.418, P b 0.01), which suggests that the mutational bias is
acting as a dominant variable in shaping the codon usage in the stud-
ied species. We further noticed that axis 1 (COA/RSCU) is positively
correlated to CAI (0.181, P b 0.01) and negatively correlated to tAIg
(−0.110, P b 0.01), Nc (−0.572, P b 0.01) and GC3s (−0.777,
P b 0.01), which allow us to speculate that in addition to mutational
bias, gene expression (less dominant) is also involved in shaping the
codon usage of this species. The ﬁndings are also strongly supported
by the observed strong negative correlations between Nc and CAI
(−0.418, P b 0.01) and CAI and GC3s (−0.103, P b 0.01). We ob-
served that ribosomal proteins encoding genes (marked in red) and
highly expressed genes (marked in yellow) showed a strong associ-
ation with respect to axis 2 (COA/RSCU) (Fig. 1C and D), which is sig-
niﬁcantly more positively correlated to the CAI (0.609, P b 0.01) and
Fig. 2. Annotation of the 10% high CAI and tAIg sequences using BLAST2GO with a seq cut-off = 5. A = Biological processes; B = Molecular functions; C = Cellular component.
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294 G. Sablok et al. / Genomics 101 (2013) 290–295tAIg (0.119, P b 0.01) in comparison to axis1 (COA/RSCU) indicating
that the highly expressed genes are under strong translational selection.
Earlier it has been suggested that the availability of the corre-
sponding tRNAs for a synonymous set of codons may vary, which in
turn will affect the speed and the accuracy of the ribosomes
[33,34,10] and might affect the folding of the same set of genes
[35,10]. Recently it has been proposed that mutational bias also
affects the protein folding [36]. We observed a positive correlation
between CAI and tAIg (0.407, P b 0.01) and axis 2 (COA/RSCU;
0.609, P b 0.01; axis harboring the ribosomal encoding and highly
expressed genes) speculates the dependence of the highly expressed
genes on the available tRNA pool as the availability of the sufﬁcient
tRNAs will subsequently increase the translation efﬁciency. These re-
sults suggest that translational selection for translational efﬁciency is
playing a vital role in highly expressed genes. It has been earlier dem-
onstrated that proteins with high level of expression evolve slowly
[37]. The observed correlation between the CAI and tAIg might also
explain the possible role of the evolutionary pressure on the optimi-
zation of the codon usage of the highly expressed genes, by assuming
that high adaptation can reduce the time for the binding of the ribo-
some to the mRNA and subsequently increase the elongation rates.
[10].
In our study, we have further annotated 10% of the genes having
the highest CAI and tAIg to annotate the highly expressed genes
with possible functional annotation and gene ontology. We observed
that most of the gene having the high CAI and tAIg were linked to
photosynthesis light harvesting complex, translational initiation, ri-
bosome biogenesis, regulation of transcription, translational elonga-
tion and nucleosome assembly as biological processes (Fig. 2).
Interestingly, we also ﬁnd that some of the genes were also function-
ally annotated as involved in oxidative stress, response to cadmium
ion and response to salt and cold stresses, which demonstrates that
selection for translation efﬁciency is acting not only on the ribosomal
encoding genes but also for the genes related to other biological func-
tions. Recently, in a rebuttal paper by Hershberg and Petrov, it has
been demonstrated that translational selection for translational efﬁ-
ciency can selectively favor the selection of other genes and is not
only constrained to ribosome encoding genes [38]. It has been dem-
onstrated earlier that Micro-Tom has acquired tolerance to the toxic
effects of cadmium (Cd+2) induced stress at higher concentration of
CdCl2[39]. The high tAIg and CAI values of the genes functionally an-
notated as involved in response to cadmium stress might postulate
the reason of the adaptation of this cultivar to high cadmium stress
suggesting the role of the translational selection of the stress-
related genes, which is of primer importance in developing the stress
tolerant cultivars using the codon optimization strategy.
3. Conclusion
To conclude, we have effectively demonstrated the role of the CUB
in S. lycopersicum cv. ‘Micro-Tom’, which demonstrates that muta-
tional bias and translational selection for translational efﬁciency are
acting as selective pressure for sustainable adaptation of this cultivar
to environmental stress. The presented combined approach for the
identiﬁcation of optimal codons provides a more robust set of codons
for developing the transgenic lines via the usage of enhanced expres-
sion of gene cassettes targeting optimal codon expression.
4. Materials and methods
4.1. Sequence data and assembly
We downloaded a total of 11,502 nrFLcDNAs, each of which repre-
sents a non-redundant transcript coding a full-length complete cod-
ing sequence (CDS) of cultivar Micro-Tom from Micro-Tom database
(http://www.kazusa.or.jp/tomato/) [17]. We also downloaded 115,062Micro-Tom expressed sequence tags (ESTs) and clustered them into
28,291 unigenes using CAP3 with default parameters [18]. The ﬁnal
dataset was further curated for sequencing errors, introns and internal
stop codons. The frame correction was conducted using the Arabidopsis
TAIR version 10 (http://www.arabidopsis.org/) data with stringent pa-
rameters. The ﬁnal reliable dataset consists of 9821 coding sequences
(CDS) and 16,279 frame corrected coding regions for further down-
stream analysis.
4.2. Frame correction of ESTs
All the unigenes (contigs + singletons) were then analyzed for
frame correction andprediction of protein coding region using FrameDP
[19]. FrameDP is a self-training integrative pipeline, which predicts the
position of the translated region in EST/UniGenes using noisy mature
sequences [20]. The detailed procedure used to detect ORFs is described
in the following: ﬁrst, each EST was searched against the TAIR (The
Arabidopsis Information Resource) database using BLASTX [21], ﬁltered
with E-value = 10−4, identity % = 40% over 100 amino acids [19]. Sec-
ond, the training sequences were generated from the BLASTX results
andwere used further to calculate the trainingmatrix,which represents
the coding style of this species. Third, a collection of putative
protein-coding sequences (CDSs) was generated based on similarity
with known proteins and on coding style recognition.
4.3. Codon usage bias (CUB), multivariate analysis gene expression and tAIg
To identify CUB, we calculated the effective number of codons
(Nc) for each gene to identify compositional constraints [22]. Corre-
spondence analysis (COA) was carried out to identify the variation
of relative synonymous codon usage (RSCU) values among genes
[23]. COA partitions the variation along 59 orthogonal axes, one for
each codon with at least one other synonym. Since there are 18
amino acids with multiple synonyms, we have 59–18 = 41 degrees
of freedom in our COA. Major trends within a dataset can be deter-
mined using measures of relative inertia obtained during COA analy-
sis. In the subsequent part of this study axis 1 (COA/RSCU) and axis 2
(COA/RSCU) will represent the ﬁrst and second major axes of COA on
RSCU. Codon Adaptation Index (CAI), which is a measure of the CUB
relative to a set of highly expressed genes, was calculated using a
set of 60S ribosomal encoding proteins from the nrFLcDNA [24].
In addition, we also further evaluated the translational adaptation
index (tAIg), which is hypothesized to be a measure of the relative efﬁ-
ciency with which a CDS is translated by a ribosome [25]. To calculate
tAIg, recently sequenced S. lycopersicum cv. ‘Heinz 1706’ genome was
downloaded from Sol Genomics Network (www.solgenomics.net)
[11] and was subsequently searched for tRNAs using tRNA-scan with
default settings and EuﬁndtRNAs mode and cove algorithm enabled.
The identiﬁed isotype/anti-codon count was used to calculate tAIg as
per the method described by dos Reis et al. [25]. In brief, the absolute
adaptiveness value Wi for each codon i is deﬁned as
Wi ¼
Xni
j¼1
1−sij
 
tGCNij
where ni is the number of tRNA isoacceptors that recognizes the ith
codon, tGCNij is the gene copy number of the jth tRNA recognizing the
ith codon, and sij is a selective constraint on the efﬁciency of the codon–
anticodon coupling. Relative adaptiveness value (wi) of a codon can
then be estimated by normalizing the absolute adaptiveness (Wi).
tAIg ¼ Π
lg
k¼1
wikg
 !1=lg
:
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mate of the tRNA adaptation index (tAIg).
4.4. Identiﬁcation of optimal codon and annotation
We used 10% of the total genes from the extreme ends of the cor-
respondence axes (COA/RSCU). A codon usage frequency was calcu-
lated for the codons using chi squared contingency test (χ2) for
each codon and codons with usage frequency signiﬁcantly higher
(P-value b 0.05; b0.01; b0.001 for different levels of stringency) in
highly expressed genes as compared to genes with low level of ex-
pression were deﬁned as the optimal codons. We further annotated
10% of the genes with the highest CAI and the highest tAIg using the
Blast2GO (B2G) tool [26].
4.5. Statistical analyses
All the described indices of codon usage were calculated using
CodonW (http://codonw.sourceforge.net). R scripts were written to
implement the non-parametric Spearman's rank correlation analysis.
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